Owing to the diffusion limitations of reactants and products in micropores, large zeolite crystals are not suitable for catalytic reactions involving macromolecules. Hierarchically porous zeolites with mesopores or macropores exhibit remarkably improved catalytic performance. Moreover, zeolite-based hollow structures are attracting a great deal of interest for their diverse applications in the areas of biochemistry, photonics, and catalysis. This review presents the fabrication and catalytic applications of the various zeolite-based hollow materials. The synthesis methods are classified to three categories, and the formation mechanisms were briefly summarized in this paper.
INTRODUCTION
Due to its unique properties such as large micro-porosity, molecular sieving behavior and high hydrothermal stability, zeolite has been widely used as catalyst in oil refining 1 and chemicals production via aromatization, 2 alkylation, 3 and catalytic cracking. 4 However, the intrinsic microporous channels in micron-sized zeolite impose diffusion limitations. Large hydrocarbon molecules retained within micropores deactivate zeolite catalysts due to pore blockage or coking. In the past decades, nano-sized zeolite (nano-zeolite) has gradually offered its great potentials not only in catalysis and adsorption but also in a wide variety of new applications. The small size of nanozeolite crystals can reduce the mass transport limitation of guest molecules in the micropore, and thereby leads to a remarkable catalytic performance and high coking-tolerant ability. Besides, the rich external surface characteristics of nano-zeolite also provide it with new opportunities in the fields of immobilization, separation, and identification of biomolecules. However, the difficult manipulation of nano-zeolite particles is a pending obstacle in most of their applications, whereas the conventional moulding and aggregation procedures in industry inevitably cause the lessening of accessible active surface. 5 Recently, several methods have been developed to prepare hierarchical zeolitic materials with various macroscopic morphologies including membranes, [6] [7] [8] sphere, 9 monoliths, [10] [11] [12] [13] [14] and zeolitic composites, 15 16 etc., which might provide more benefits in the practical application of zeolites. [17] [18] [19] Many artificial materials, such as cellulose acetate membrane, 8 polystyrene (PS) spheres, 10 carbon fibers, 20 21 and mesoporous silica spheres 13 22 have been used as templates to control the product structure and morphology.
Hollow inorganic microcapsules with a tiny shell and a relatively large core space, which have the ability of storage of various species, have potential applications in many fields such as controlled release capsules, host materials, coatings, confined-space catalysts, bioreactors and other functional materials. 23 Zeolites are the ideal building blocks to construct hollow capsules because they may introduce the uniform micropores on the shell, which would be beneficial for shape-selective catalysis and components delivery. Extensive attention has been paid to the preparation of zeolite hollow spheres, and a number of methodologies have been exploited, e.g., the carbon black hard template self-assembly combined hydrothermal crystallization process, layer-by-layer (LBL) self-assembly technique, self-assembly of nanocrystals with the aid of sonication in ammoniac ethanol, etc. Additionally, several studies have also dealt with the fabrication of hollow zeolite spheres in the absence of sphere templates. Several groups have prepared the hollow zeolite capsules through the multistep assembly of nano-zeolite onto the polymer spheres to form a core-shell structure [24] [25] [26] [27] (or with the further growth in a synthesis gel 27 ), followed by calcination to remove the template cores. Construction of hollow zeolite with designed structures has attracted considerable attention due to their fast diffusion and low pressure drop while maintaining high catalytic efficiency.
FABRICATION AND CATALYTIC APPLICATION OF ZEOLITE-BASED HOLLOW MATERIALS

Fabrication
Here, we classify the synthesis methods of zeolite with hollow structures to three categories, including hard template strategy, soft template strategy and template free strategy.
Hard Template Strategy
Hard templates are widely used to fabricate inorganic hollow materials. Many compounds, such as polymeric, inorganic nonmetallic, and metallic particles, can be used as hard templates. The final shape and size of the inorganic hollow materials are essentially dependent upon the templates employed. 28 The hard templates can be categorized to organic template and inorganic template.
2.1.1.1. Polystyrene Template Strategy. Recently, several groups reported on the preparation of shells of zeolite nanocrystals on polystyrene beads using the LBL self-assembly technique. The incompatibility between the organic substrates and the aluminosilicate precursor species is a serious obstacle for the preparation of zeolite layers on such supports by direct hydrothermal synthesis. LBL self-assembly method and hydrothermal synthesis techniques were utilized by Valtchev et al. to prepare hollow silicalite-1. 27 A schematic presentation of the preparation procedure is shown in Figure 1 . The synthesis process of hollow silicalite-1 sphere is as follows. (1) The surface charge of the support under investigation was reversed by treatment with the polycation agent; (2) The charge-reversed beads were then transferred into the colloidal zeolite suspension to electrostatically adsorb nanocrystals; (3) After the adsorption of silicalite-1 nanocrystals, the beads were subjected to a hydrothermal treatment; (4) The silicalite-1/polystyrene particles were separated by suction filtration from the colloidal zeolite crystals, washed, and dried. The polystyrene beads and structuredirecting agent were removed by high temperature calcination under oxygen flow.
The corresponding hollow silicalite-1 spheres obtained after calcination were shown in Figure 2 . Yang et al. 29 also used LBL strategy and prepared of hollow zeolite spheres with PS sphere (PSS) as template. First, the positively charged PS sphere templates were prepared by alternately putting as-synthesized PS spheres into the solution of cationic PDDA and anionic PSS to adsorb five (or seven) layer of polyelectrolytes in the order of PDDA/PSS/ PDDA/PSS/PDDA. After every adsorption step, the surplus polyelectrolytes were removed by centrifugation/ water wash/redispersion cycle. Secondly, the nanozeolite and PDDA were alternately adsorbed onto the positively charged PS sphere substrates to form homogeneous nanozeolite/PDDA multilayers. Finally, the hollow zeolite spheres were produced by drying the zeolite coated PS on quartz slides at room temperature, and then calcining them. Wang and coworkers have fabricated hollow spheres of zeolite and silicalite-1 through layer-bylayer self-assembly of nanozeolite-polymer multilayers on PS latex templates, coupled with removal of the core by calcination. 25 In this way, the zeolite shells are built with well-intergrown crystals so as to improve the mechanical stability and intact ratio of the obtained hollow spheres. 
Inorganic Templates.
The PS as template to synthesize hollow zeolite based materials had achieved success which can prepare very perfect hollow zeolite structures, nevertheless, this method for the hollow zeolite based materials relied on generated beforehand building block of nanozeolite particles and the LBL technique in which the necessary multistep alternatively coating processes are rather complicated and labor intensive. Several inorganic templates can be used to synthesize hollow zeolite based materials, which include carbon black spheres, CaCO 3 , fiber, mesoporous silica spheres (MSS), Coal fly ash cenospheres and -zeolite crystals.
Chu et al. 30 had reported the synthesis of hollow hierarchical MCM-22 microspheres (simplified as MCM-22-HS) by a facile one-pot method with carbon black spheres as core-template. A clearer description of the formation process is illustrated in Figure 3 . The formation processes of MCM-22-HS were included the process of self-assembly and hydrothermal crystallization.
Wang and coworkers 31 used cubic or spherical CaCO 3 and Fe 3 (SO 4 ) 2 (OH) 5 · 2H 2 O as templates and the hollow zeolite were achieved by encapsulated zeolite microcapsules, controlled release and conversion of the encapsulated guest species inside the cavity. Three steps are included in the process. First, core particles and silicalite-1 nanocrystals were prepared, and CaCO 3 particles with cubic and spherical morphologies were synthesized. Fe 3 (SO 4 ) 2 (OH) 5 · 2H 2 O particles were produced by hydrothermal treatment of Fe 2 (SO 4 ) 3 and urea solution mixtures. Secondly, zeolite microcapsules were fabricated. The core particles were first modified by a three layer polyelectrolyte film (PDDA/PSS/PDDA) which provided core particles with a positively charged outer surface. Then, the negatively charged silicalite-1 nanocrystals were deposited onto the polyelectrolyte modified core particles through electrostatic interactions. Unbound zeolite seeds were removed by washing and centrifugation. Afterwards, the seed-coated core particles were dispersed in a solution containing a template free gel with the composition 28 Na 2 O:1.5 Al 2 O 3 :100 SiO 2 :4000 H 2 O (molar ratio) in a Teflon-lined autoclave. The autoclave was closed and heated in an oven at 180 C for different periods of time (6-12 h). Finally, hydrochloric acid was used to dissolve the CaCO 3 core. Construction of zeolite coated fibers and hollow zeolite fibers with designed structures has attracted considerable attention due to their fast diffusion and low pressure drop while maintaining high catalytic efficiency. [32] [33] [34] [35] Ke and coworkers 21 fabricated hollow zeolite fibers by electrophoretic deposition of nanozeolites onto carbon fibers, then by calcination to remove the substrates of zeolite coated fibers.
Mesoporous silica spheres as hard template were used to prepared hollow zeolite sphere by hydrothermal transformation of the zeolite nano-seeds. 22 23 36-40 The schematic fabrication strategy was as illustrated in Figure 4 . Firstly, the guest species for encapsulation were introduced into the mesopores of pre-synthesized MSS by an impregnation technique followed by calcination or polymerization. Secondly, the guest-incorporated MS spheres were coated with one layer of silicalite-1 nanocrystals via the electrostatic attraction technique. Thirdly, the seeded guest-incorporated MS spheres were treated by a simple hydrothermal transformation process in a tetrapropylammonium hydroxide (TPAOH) aqueous solution for the preparation of discrete guest-encapsulated hollow zeolite spheres or in a TPAOH tetraethoxysilane (TEOS) aqueous solution for the preparation of macroporous monoliths built of interconnected guest-encapsulated hollow zeolite spheres. 36 Zhang and coworkers 41 reported a method using the dry-gel conversion approach to fabricate hollow nanospheres with homogeneous and dense shells. They prepared the hollow spheres by two steps. First, mesoporous solid MCM-41 spheres are synthesized. Second, tetrapropylammonium, that is commonly used to direct the synthesis of MFI-type zeolite, is introduced to transform the MCM-41 spheres into hollow spheres by dry-gel conversion. The MS spheres provide not only a template but also a silica source for capsule shells formation but also a transport medium for guest encapsulation. Hollow spheres composed of nano-sized ZSM-5 crystals via laser ablation were also fabricated using spherical mesoporous DAM-1 or SBA-15 as the silicon source and substrate. 42 The pulsed laser deposition (PLD) coating is composed of proto-zeolite like fragments which reorganize to form crystalline ZSM-5. The PLD technique offers some advantages over conventional seeding methods such as the convenient PLD coating of 3-D objects and control over the coating thickness.
Hard templating synthesis is an environmentally sound and resource-saving strategy towards the advanced mechanically stable hollow sphere-shaped zeolites, by using hollow glassy aluminosilicate microspheres as the template cores and a nutrition provider. Coal fly ash cenospheres, the by-products of powdered coal combustion, 43 44 were reported as a suitable starting material for the syntheses of hollow sphere-shaped zeolites. 45 46 Wang et al. 47 48 proposed a seed-induced in-situ hydrothermal conversion technique to prepare novel hollow microspheres with zeolite/mullite composite shells from fly ash cenosphere (FAC). Two groups of hollow microspheres were prepared, one with zeolite FAU/mullite composite shells and the other with zeolite LTA/mullite composite shells. Vereshchagina et al. 45 used one-step procedure to fabricate hollow aluminosilicate microspheres with a composite NaA (NaX)/glass/mullite composite shell by the direct 49 reported the synthesis of a hollow sphere zeolite composite by using -zeolite crystals as silicon sources for the synthesis of Y-zeolite as well as the filler template for the formation of hollow spheres. The mechanism of the formation of the hollow sphere zeolite composite is suggested as follow. Y-zeolite nanoseeds are first adsorbed on the external surface of -zeolite crystal due to its higher surface area, which is a very important step for the formation of the hollow spheres. Second, the nanoseeds begin growing because of the interaction between aluminum species from the synthesis solution and silicon species extracted from -zeolite crystal, resulting in the formation of Y-zeolite polycrystalline shell around -crystal, and -zeolite crystal is, therefore, embedded into the shell. Subsequently, the shell layer zeolites become thicker and thicker along with the extraction of silicon from the -zeolite crystal. Finally, -zeolite crystal can even be exhausted and a cavity whose dimension is close to that of -crystal is created in the shell where -zeolite particles used to reside. Thus, -zeolite crystal not only serves as a source of nutrients for the growth of Y-zeolite crystals but also acts as the filler template for the formation of hollow spheres.
Soft Template Strategy
Usually, the hard template strategy can control the spherical morphology and the size of the composites. However, due to its time-/labor-consuming pre-separation process of pure zeolite nanoparticles, this method is limited to the laboratory scale. Soft template-based methods hold appeal because the templates are relatively easy to remove and the synthesis process is relatively simple. However, the morphology and monodispersity of the as-prepared hollow products are usually poor due to the deformability of the soft templates. Controlling monodispersity and spherical morphology of the inorganic hollow structures is the most challenging part of this technique. 28 Yue and coworkers first synthesized hollow zeolite spheres of silicalite-1 using oil/water emulsions as templates. 50 The oil-in-water (O/W) emulsions contain toluene, water and silicalite-1 nanocrystals, in which the toluene was as the template and ensured the zeolitic shells remained intact after hydrothermal treatment, and silicalite-1 nanocrystals act as both the emulsifier and stabilizer. The fabrication procedure is depicted in Figure 5 . First, the silicalite-1 stable emulsion was prepared by emulsifying two-phase including the oil and the silicalite-1 seed solution. Then, the lower clear solution was replaced by silicalite-1 synthesis gel as the nutrition. After hydrothermal treatment, the gaps between the zeolite seeds of the bubbles were intergrown in the emulsion, and the crystal growth direction could be from outside to inside. The seed layer kept monolayered and spherical in the process of emulsification, and had been maintained during followed hydrothermal treatment. As a result, the stable hollow spheres of silicalite-1 with monolayered, homogeneous and dense zeolitic shells were prepared based on the emulsion composition for the first time. Interestingly, the oil phase acts as a template in the formation of sphere, so the interiors can be functionalized by dissolving the guest molecules in the oil. The fabrication of hollow zeolite microspheres with ZSM-5 structure and mesoporous shell was reported using the techniques combining sol-gel process in oil-water-oil (O/W/O) multiple emulsions and VPT method. 51 They firstly obtained the amorphous aluminosilicate hollow spheres using the sol-gel technique in O/W/O emulsions. Then they used VPT method to transfer the amorphous aluminosilicate hollow spheres into hollow zeolite microspheres. Wang and coworkers successfully prepared nano-zeolite IM-5 in hydrothermal system with the aid of PEG and CTAB. The formation mechanism of IM-5 may be described as "formation of hydrophobic gel particles and crystallization on its surface." 52 Improved Polymerization-induced colloid aggregation method was developed to prepare zeolite microspheres (ZSMs) with a hierarchical porous structure and a uniform size, which could easily be carried out within half an hour by simply adding urea and formaldehyde into an acidic pH-precontrolled colloidal solution as-obtained from a hydrothermal crystallization process. This procedure successfully avoided the repeated ultrasonic washing and high-speed centrifugation of the nanozeolite colloid during the traditional PICA method, and thereby became energy and time-economical. The structure, morphology and composition of ZSMs can be finely controlled by variation of the acidity in the synthetic system during the polymerization. 5 
Template-Free Strategy
Naik and coworkers reported a simple approach for the preparation of hollow spheres with a 10-20 nm thick shell of silicalite-1 nanocrystals. When the nanocrystals of 10-20 nm were dispersed and sonicated in ammoniac ethanol, the nanocrystals were found to self-assemble into hollow spheres. 53 A novel and facile method for the fabrication of zeolite analcime with hierarchical core-shell or hollow icositetrahedro architecture was established by Chen and coworkers. It is demonstrated that the formation of the single crystalline polyhedra does not start from a nucleus and extend outward. It actually follows a reversed route based on oriented aggregation of nanocrystallites, i.e., recrystallization starts at the surface of the polycrystalline microspheres and extends inward. The products have the same size as the respective parent samples, a single hollow in the crystal interior and an approximately 15 nm single crystal shell as indicated by the presence of uninterrupted zeolite channels. 55 A kind of hollow mesoporous zeolite microspheres with secondary mesopores on the shell was synthesized by an efficient post steam-assisted crystallization and mild alkaline etching approach (SAC-MAE). Herein, SAC and MAE have been demonstrated as effective routes to synthesize mesoporous zeolite structure (MZS) and hollow zeolite boxes, respectively. [56] [57] [58] The fabrication strategy of MZS involves two key steps: first, the meso-/micropore-structured zeolites with spherical morphology were synthesized under steaming; and subsequently, hollow core was created by selective mild desilication in the inner part of the spheres with aqueous Na 2 CO 3 solution, which finally leads to hollow mesoporous zeolite microspheres with uniform hollow architecture and unique mesoporous zeolite shells. Groen and coworkers 59 showed that by controlled desilication of both large and small ZSM-5 crystals they created hollow zeolite architectures. They showed that, when subjected to controlled desilication conditions, Al gradients in both large and small ZSM-5 crystals induce the formation of hollow particles with a well-preserved Al rich exterior, further confirming the crucial role of Al in the mechanism of Si extraction.
Dissolution/recrystallization process was also used to fabricate hollow zeolites. 60 61 Wang and coworkers synthesized hollow TS-1 crystals based on a dissolution/ recrystallization process. The process contains two steps. First, the TS-1 was synthesized. Then the TS-1 was dispersed in a solution containing TPAOH and water. The mixture was then transferred into a Teflon-liner stainless-steel autoclave and heated for certain time under static conditions. The autoclave was then rapidly cooled and the zeolite was recovered by centrifugation, washed with distilled water and dried. It was finally calcined in air. 61 ZSM-5 nanoboxes with uniform intracrystalline hollow structures were obtained from calcined silicalite-1 nanocystals. 62 The formation of hollow structures results from a preferential dissolution of the core of the crystals, followed by a re-crystallization in the presence of templating molecules. Generally, a unique hole is obtained, with faces parallel to those of the original crystal. Hollow crystals look like perfectly closed nanoboxes, with a wall thickness in the 20-40 nm range. During re-crystallization, it is possible to modify the chemical composition of the zeolite without modifying the geometry of the crystal. In particular, starting from silicalite-1, hollow ZSM-5 can be obtained with Si/Al ratios as low as 50.
Hollow aluminosilicate zeolite beta was successfully synthesized by adding CIT-6, that is, zincosilicate zeolite, which has the same topology as beta, as seeds to the Naaluminosilicate gel without the need for organic structure directing agents. One important factor in the successful organic structure directing agent (OSDA)-free synthesis of hollow beta crystals is the solubility of the seed crystals in alkaline media. 63 CIT-6 was less stable than aluminosilicate zeolite beta in alkaline media and the solubility changed depending on whether the crystals were calcined or not. Figure 6 shows the TEM image of the sliced crystal. The crystal growth proceeded from the outside inward after the complete dissolution of the CIT-6 seed crystal. 63 
Catalytic Applications
The most attractive characteristics of zeolite based hollow materials are their well-defined morphology, their large specific surface area and low density. Hollow zeolite based materials are used as catalysts in many catalytic reactions, such as catalytic cracking, 64 hydroxylation, 61 SuzukiMiyaura cross-coupling reaction, 37 aldol condensations, 65 dehydration, 5 methane dehydroaromatization, 30 hydrodesulfurization, 41 Baeyer-Villiger oxidation 61 and so on. Hollow titanium silicalite (HTS) zeolite has been employed to catalyze the Baeyer-Villiger oxidation of cyclohexanone. Both cyclohexanone conversion and desired product distribution obtained in the presence of HTS zeolite are different from those obtained on TS-1 zeolite as reported, which might be ascribed to the difference in their mesopore volume. 66 The cyclohexanone oxidation reaction catalyzed by HTS zeolite is a representative consecutive reaction, the main target products of which are -caprolactone, 6-hydroxyhexanoic acid and adipic acid. Xia and coworkers have studied the effect of H 2 O 2 /cyclohexanone mole ratio on the cyclohexanone conversion, the total target product selectivity, the distribution of selectivity of three target products and their variations with reaction time which indicate that HTS zeolite shows a high performance for the BaeyerVilliger reaction of cyclohexanone and catalytic oxidation of 6-hydroxyhexanoic acid under mild condition. 60 The hollow zeolite encapsulated with noble metal nanoparticles were used as catalyst in a series of catalytic oxidation reactions of alcohols. Compared to commercial catalysts, such as Pt/SiO 2 and Pt/Al 2 O 3 , the zeolite based hollow catalyst retained most of their reactivity even in the presence of a significant amount of poison contaminants. 38 The hollow zeolitic sphere was examined as supports for Ni and Mo oxides as catalyst in hydrodesulfurization of FCC gasoline. The sulfur removal was promoted while the olefin hydrogenation of FCC gasoline was suppressed and thus the octane number was preserved when the hollow spheres (Na type) were used as support compared with conventional ZSM-5. 41 Hollow zeolite microspheres were used as catalyst in the reaction of alkylation of toluene with benzyl chloride, it was found that hollow zeolite microspheres were highly active compared to conversional ZSM-5. The highest toluene conversion (49.8%) is achieved over hollow zeolite microspheres, while the conversional ZSM-5 (24.8%) displays the lowest conversion. 67 Methane dehydroaromatization (MDA) reaction which was considered as a promising route for direct conversion of methane into high value-added chemicals has attracted increasing attentions in the past several decades. Chu and coworkers synthesized nest-like hollow hierarchical MCM-22 microspheres and the catalytic properties of the catalyst in the reaction of MDA were tested. 30 MCM-22-HS exhibited significantly enhanced benzene yield and catalyst lifetime in MDA reaction. It is believed that the exceptional catalyst performance is due to hierarchical and hollow structure. The higher external surface and hollow structure resulting from mesorpores offered an important effect on improving the high benzene yield and catalyst lifetime by generating more catalysis active sites by means of promoting catalyst transport onto the reaction sites and by improving diffusion of larger product through the zeolite catalyst, respectively. The sites associated with catalyst deactivation could also be reduced, which was contributed to improvement of the catalyst lifetime.
CONCLUSION
In this article, we summarized the fabrication methods and catalytic application for zeolite based hollow materials. The mechanisms for synthesizing zeolite based hollow materials were depicted in this review. For hard template strategy, the templates of PS spheres and MSS were in common use. The emulsion method was used in the soft template strategy, and the interiors of such hollow spheres can be functionalized by changing the soluble guests in the oil which can be used to synthesize multi-functional interiors spheres. Self-assembly, alkaline treated method and dissolution/recrystallization process were the mainly used methods. Through the alkaline treated process we can get zeolite based hollow materials with low or sub-micrometer length scale. The catalytic applications of these zeolite based hollow materials have a broad prospect due to the advantage of the zeolite based hollow materials.
